Objective-To study how asynchronous left ventricular wall motion changes early after uncomplicated coronary artery surgery.
Design-A prospective study done before, and at 0-5, 1, and 3 hours after coronary artery grafting, with intraoperative transoesophageal cross sectional guided M mode echocardiograms, high fidelity left ventricular pressure, and thermodilution cardiac output measurements. The extent and velocity of left ventricular anterior wall thickening were measured, along with regional work and power production. Abnormal thickness changes during the isovolumic periods were detected, and their effect on energy transfer quantified as cycle efficiency. Setting-Tertiary referral cardiac centre. Patients-25 patients with a history of chronic stable angina, mean (SD) age 60 (9) years with three vessel coronary artery disease, undergoing uncomplicated coronary artery bypass grafting. Results-14 patients had primary incoordination, as shown by wall thinning during isovolumic contraction and delayed onset of thickening (group A), and nine had premature thickening due to incoordination elsewhere (group B). The extent (thickening fraction 43 (12)% v 73 (19)%) and velocity (1.7 (0.4) v 2-5 (0.6) cmls) of thickening were reduced in group A v group B (P < 0.001), as were regional stroke work (2-2 (0 8) v 3-3 (0 4) mJ/cm2) and peak power production (19 (5) v 32 (7) mW/cm2), P < 0.05. In group A, these values all increased significantly within 30 minutes of operation. In group B, the extent of wall thickening and peak power production were unaffected by surgery, though cycle efficiency and regional stroke work both improved by 30 minutes v before operation (73 (9)% v 61 (8)%, 4.5 (0.9) v 3-3 (0-4) mJ/cm2, P < 0.01). Surgery had no consistent effect on left ventricular cavity size, shortening fraction, or cardiac output in either group. Conclusions-Even in the absence of evidence of overt ischaemia, major disturbances of ventricular synchrony-both regional and generalised-are present in patients with a history of chronic stable angina requiring coronary artery bypass grafting. They regress within 30 minutes of revascularisation, suggesting that they are the direct result of coronary stenosis. Regional left ventricular function may be depressed in patients with coronary artery disease even in the absence of myocardial infarction. The effects of coronary artery surgery are commonly characterised in terms of changes in the amplitude of regional wall motion1-4 or cavity compliance.56 Alterations in the time sequence of ventricular contraction, in which amplitude of wall motion may be normal, is a further important mechanism by which cardiac function may be impaired in such patients.7-9 However, the early effects of revascularisation on regional left ventricular function have not been studied in detail.
We therefore undertook a comprehensive study of the early effects of uncomplicated coronary artery bypass grafting on left ventricular anterior wall function using transoesophageal echocardiography and simultaneous high fidelity left ventricular pressure measurements.10-12 We were particularly interested in the disturbances of regional myocardial work, power production, and coordination seen in patients with a history of chronic stable angina in the absence of overt ischaemia, and in the effects of coronary bypass surgery on these variables.
Methods

PATIENTS
We studied 25 patients (mean (SD) age 60 (9) years; 15 men, 10 women) undergoing routine coronary artery bypass grafting for chronic stable angina. All had stenoses of more than 70% in all three epicardial coronary arteries. Left ventricular ejection fraction measured by contrast angiography in the right anterior oblique view was 63 (7)%. The left anterior descending coronary artery was grafted with left internal mammary artery, and the other coronary arteries with reversed saphenous vein in all cases. Three patients had old inferior myocardial infarction but none had evidence of anterior myocardial infarction, either on electrocardiography or from a wall motion abnormality on echocardiography or angiography. Five patients had inferior wall hypokinesia on angiography. Two patients were excluded because of displacement of the catheter tip manometer. The protocol was approved by the ethics committee of the Royal Brompton (fig 1) . All recordings were made at paper speed of 100 mm/s. All measurements were made when the patient was in a stable condition at the following times: before bypass, and 0-5, 1, and 3 hours after cross clamp release. The presence of regional wall motion abnormalities or mitral regurgitation on colour flow mapping was also noted in the four chamber view. The transoesophageal probe was left in situ from the time of insertion until the final recording. After the study, sedation was discontinued and the patients were weaned off the ventilator.
The endocardial and epicardial boundaries of the anterior and posterior wall of the M mode echograms were digitised offline, together with the left ventricular pressure trace. The digitising system had a sampling rate of 100/s and three cardiac cycles were digitised. For measurements of left ventricular dimensions, the onset of the Q wave of the electrocardiogram was taken as left ventricular end diastole, and end systole was taken as the point of maximum rate of decline of left ventricular pressure.13 Left ventricular pressurewall thickness loops were constructed using a computer software program. The following were calculated: end diastolic and end systolic wall thickness, peak wall thickening and wall thinning velocities, and thickening fraction. The area of the left ventricular pressure wall thickness loop was taken as an index of regional external work, expressed in mJ/cm2 of endocardium. 14 Myocardial power was derived from the product of instantaneous thickening velocity and pressure, expressed in mW/cm2 of endocardium and plotted continuously. Cycle efficiency, calculated from the ratio of the left ventricular pressure loop area to the area of the rectangle which encloses it and expressed as a percentage, represents the ratio of the useful external work done to the maximum possible by myocardium working over the same range of pressure and wall thickness.10-'2
Haemodynamic measurements including heart rate, peak systolic blood pressure, pulmonary artery wedge pressure, cardiac output, left ventricular stroke volume index, and left ventricular stroke work index, were also recorded.
STATISTICAL ANALYSIS
Results are presented as mean (SD). A one way analysis of variance with respect to time was performed for each variable. If a significant effect was demonstrated, variables at individual time points were compared using paired t tests. We used unpaired t tests to compare differences between groups. The X2 test 
36 (5) 35 (5) 41 (7) 38 (7) Shortening velocity (cm/s) 6-8 (2)
55 (12) 57 (15) 62 (26) 57 (10) LVEDD, left ventricular end diastolic dimension; LVESD, left ventricular end systolic dimension; ED, end diastolic; ES, end systolic.
*P < 0-01; tP < 0 05 v before operation. (table 2) . However, peak shortening velocity increased at 05 hours (9 4 (2) cm/s) and was sustained at 3 hours (8-3 (2) cm/s) compared to the value before operation (6-8 (2) cm/s, P < 0 05). Peak lengthening velocity also increased after operation at 0 5, 1, and 3 hours (8-2 (2), 8-2 (2), 7*3 (1) cm/s) compared to the value before operation (5 9 (1) cm/s, P < 0 001), though left ventricular anterior wall end diastolic and end systolic thickness values were unchanged at 0 5, 1, or 3 hours.
LEFT VENTRICULAR ANTERIOR WALL THICKENING AND THINNING DURING ISOVOLUMIC CONTRACTION
The initial rapid rise in left ventricular pressure from its end diastolic value occurs during isovolumic contraction and is normally not associated with a significant change in either left ventricular dimension or wall thickness. (14) 97 (17) NYHA, New York Heart Association; MI, myocardial infarction; LVEF, left ventricular ejection fraction. antagonists, and nitrates was similar in the two groups. The extent of coronary artery disease was the same for both groups, assessed both from the number of vessels involved and the number of grafts necessary for complete revascularisation. Left ventricular ejection fraction from contrast angiography was similar for the two groups, with no evidence of anterior wall damage in any patient, though three patients in group A and two in group B had inferior wall hypokinesia. Cross clamp and bypass times did not differ between the groups.
Apart from loop morphology, there were significant differences between group A and group B before operation (table 4). Peak wall thickening velocity (1-7 (0-4) v 2-8 (0-6) cm/s), peak thinning velocity (1-7 (0-3) v 2-8 (0-7) cmls), and thickening fraction (43 (12)% v 73 (19)%) were all lower in group A than in group B (P < 0-005 for all). Peak myocardial power (19 (5) v 32 (7) mW/cm2) and regional myocardial work (2-2 (0-8) v 3-3 (0-4) mjI cm2, P < 0-05) were also lower in group A than in group B. This reduction in work not only reflected decreased amplitude of wall movement but also reduced coordination, with cycle efficiency in group A significantly less than in group B (48 (12) v 61 (8) %, P < 0-05).
EFFECT OF REVASCULARISATION ON LEFT VENTRICULAR ANTERIOR WALL DYNAMICS
In group A, peak wall thickening (3-2 (0-5) v 1-7 (0-4) cm/s) and thinning (3-0 (0-6) v 1-7 (0-3) cm/s) velocities, thickening fraction (43 (12)% v 56 (10)%), and peak power production (37 (7) v 19 (5) mW/cm2) had all increased by 0-5 hours after revascularisation (v before operation, P < 0-01), and this increase was sustained at 3 hours for all these variables (table 5) . By contrast, the corresponding measurements were unaffected by revascularisation in group B (table 6) .
Asynchrony regressed in both groups. This was reflected in an increase in cycle efficiency 4) . As synchrony improved, so regional work increased, both in group A (3-7 (06) v 2-2 (08) mJ/cm2) and group B (4-5 (09) v 3-3 (O 4) mJ/cm2) at 0 5 hours: P < 0 01 v before operation. These changes after revascularisation remained significant at 3 hours. After operation, groups A and B no longer differed significantly in any of the variables measured.
REPRODUCIBII=TY
The coefficient of variability of the measurements for cycle efficiency, wall thickening and thinning rates, wall thickness, and thickening fraction ranged between 3-4% and 6-4%. Myocardial power and pressure-thickness loop area and had a variability of 7 0% and 9 4% respectively.
Discussion
Synchronous left ventricular contraction and relaxation is a feature of normal left ventricular function. If the time sequence of local ventricular contraction is disturbed, it can influence the function of the whole ventricle.7 Although abnormal timing may occur at any time in the cardiac cycle,89 its major effects are seen when the periods of isovolumic contraction or relaxation are affected.'0 In normal subjects left ventricular dimension remains almost unchanged during these two periods. A change in dimension in one part of the cavity at a time of constant volume causes a reciprocal change elsewhere, and thus a secondary change in cavity shape. This means that the effects of incoordination become generalised and are not confined to the site of the original disturbance. These changes have been studied in detail in patients with coronary artery disease by echocardiography'6 and angiography. "7-20 In patients with single vessel coronary artery disease, the region subtended by the diseased vessel characteristically showed prolonged inward movement and wall thickening during isovolumic relaxation. '7 In the present study, we used echocardiography and simultaneous left ventricular pressure measurements to document the acute effects of uncomplicated surgical revascularisation, not only to demonstrate the time relations between the restoration of coronary flow and their resolution, but also to serve as a baseline for adopting the method as a monitoring technique in high risk patients. The left ventricular pressure-thickness loop for the anterior wall showed major distortion in all patients undergoing revascularisation for three vessel coronary disease. In over half the patients studied (group A) there was thinning during isovolumic contraction. This thinning is the direct cause of the dimension increase during isovolumic contraction and thickening during isovolumic relaxation previously documented by echocardiography and angiography in such patients'617 Its basis is the delay in onset, due to local ischaemia, of local tension development with respect to regions with more normal function, and it thus represents a primary abnormality in the region subtended by a stenosed coronary artery.
In the remaining patients (group B) we observed secondary effects of the change in cavity shape. Here the wall thickened during isovolumic contraction and thinned during isovolumic relaxation. These changes represent the reciprocal effects in otherwise normal regions, of primary (group A) disturbances elsewhere in the ventricle at times of constant ventricular volume. '8 21 Although all our patients had three vessel disease, it would not be surprising if in some patients, the primary abnormality affected the anterior wall while in others it was elsewhere. Coronary artery disease influences regional function in a heterogeneous way, depending on the extent of stenoses in different vessels, the development of collateral supply, and dynamic factors that Our findings are also compatible with the acute study of Sasayama et al, who used pressure-length loops derived from angiography and showed that overt ischaemia induced by rapid atrial pacing produced the equivalent pattern of change in loop morphology as was shown in group A patients-segment lengthening during isovolumic contraction corresponding to wall thinning in ours. 19 Our additional finding that thickening and thinning velocities, along with thickening fraction, were also reduced in this group is in line with the finding of reduced excursion shown by Sasayama et al. We conclude, therefore, that regions identified by wall thinning during isovolumic contraction have profoundly depressed function under control conditions. This represents the behaviour of myocardium supplied by a critically stenosed coronary artery. By contrast, the behaviour of segments showing wall thickening during isovolumic contraction, but where the wall dynamics are otherwise maintained (group B), is exactly what would be predicted when the primary disturbance is elsewhere in the ventricle.
When the coronary arteries are grafted, the synchrony of regional myocardial function improved within 30 minutes in all patients, whether they showed group A or group B abnormalities. Coronary artery grafting did not affect the extent of wall thickening and its systolic and diastolic rates in group B, but they consistently increased in group A. These findings are again consistent with the idea that preoperative disturbances were the direct result of coronary artery narrowing in group A, and the indirect result in group B. All our patients had stable angina preoperatively and none had electrocardiographic evidence of ischaemia at the time that the preoperative observations were made. We conclude that even without classical evidence of myocardial ischaemia, many aspects of regional myocardial function are chronically depressed in patients with stable coronary artery disease, and that these changes improve within 30 minutes of revascularisation.
Our study has limitations. The need for simultaneous transoesophageal and left ventricular pressure measurements meant that the most suitable time for introduction of the probe and catheter tip manometer was when the patient was under general anaesthetic. Though any additional direct effect of the anaesthesia on ventricular function, or effect of interaction between anaesthesia and coronary stenoses, cannot be excluded, the early regression of the abnormalities while the patient was still under anaesthesia suggests that the changes reflect improvement in myocardial blood supply as a result of coronary artery surgery. However, an interaction between anaesthesia and surgery has not been excluded. Patients served as their own controls since for obvious ethical reasons normal values are not available. With the increase in percutaneous interventional procedures for ischaemic heart disease, triple vessel disease reflects the current pattern of disease referred for surgical revascularisation, so we were unable to investigate patients with single vessel disease. We were limited in this clinical setting to leaving the probe and transducer tip catheter in situ for three hours, and therefore any later changes could not be documented. We used M mode rather than cross sectional echocardiography, since our aim was to study regional function, and since its high repetition rate allows abnormalities in timing to be delineated in detail. Our patients were at low risk of adverse clinical events and the study design was therefore inappropriate to investigate whether or not there was any relation between adverse clinical outcomes and the regional abnormalities we describe. However, in patients with unstable angina or poor left ventricular function, in whom the abnormalities are more profound, such an association may occur.
In the clinical context, our results show that in a substantial proportion of patients with chronic stable angina and normal ejection fraction, and in the absence of overt ischaemia, regional myocardial function may be significantly depressed. This depression could not be consistently defined in terms of any reduction in overall amplitude of endocardial motion or wall thickening, the two measurements that form the basis of the subjective wall motion scores that are widely used to assess ventricular function in patients with coronary artery disease. The 95% normal limits of measures of amplitude are very wide, and in some regions of the ventricle include akinesis. 22 In order to demonstrate depression, it was necessary to describe function objectively, in clearly defined mechanical terms. When this was done, it was apparent that regional work and power production were both substantially reduced, and that coordination-a major determinant of energy transfer from the myocardium to the circulation-was impaired both locally and in more distant regions of the ventricle. Regional myocardial tension-time development correlates well with oxygen consumption,2' so distortion of local dimension or pressure-wall thickness relations implies widespread mechanical inefficiency.'012 14 These changes are reversed within 30 minutes of revascularisation, both locally and also in their indirect effects. It has recently become apparent that wall motion abnormalities, assessed subjectively, are common perioperatively and may have an important impact on the outcome of coronary artery surgery. '4 We believe that the increased sensitivity of objective measurements such as the present ones may give clinically useful information in high risk patients. Although catheter tip manometry and offline digitisation increase the complexity of the method, we believe that this is outweighed by the sensitivity of objective measurements in detecting depressed myocardial function. They may give information of direct clinical value in higher risk patients, allowing deterioration to be detected earlier and appropriate action to be instituted more promptly, as well as assessing drugs25 or other manoeuvres designed to optimise myocardial protection, and monitoring patients in whom the main indication for revascularisation is to restore myocardial function rather than treat symptoms.
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